Protein posttranslational modifications such as neddylation play crucial roles in regulating protein function. Only a few neddylated substrates have been validated to date, and the role of neddylation remains poorly understood. Here, using Trypanosoma brucei as the model organism, we investigated the function and substrates of TbNedd8. TbNedd8 is distributed throughout the cytosol but enriched in the nucleus and the flagellum. Depletion of TbNedd8 by RNAi abolished global protein ubiquitination, caused DNA re-replication in postmitotic cells, impaired spindle assembly, and compromised the flagellum attachment zone filament, leading to flagellum detachment. Through affinity purification and mass spectrometry, we identified 70 TbNedd8-conjugated and -associated proteins, including known Nedd8-conjugated and -associated proteins, putative TbNedd8 conjugation system enzymes, proteins of diverse biological functions, and proteins of unknown function. Finally, we validated six Cullins as bona fide TbNedd8 substrates and identified the TbNedd8 conjugation site in three Cullins. This work lays the foundation for understanding the roles of protein neddylation in this early divergent parasitic protozoan. . 5 The abbreviations used are: CRL, Cullin-RING ligase; SCF, Skp1-Cullin-F box protein; EYFP, enhanced yellow fluorescence protein; FAZ, flagellum attachment zone; snFAZ, short new FAZ; PTP, protein A-tobacco etch virusprotein C; CDK, cyclin-dependent kinase.
Posttranslational protein modifications play important roles in regulating protein function. Ubiquitination and ubiquitinlike protein modifications have emerged as important regulatory mechanisms in controlling various cellular processes in eukaryotes. Among the ubiquitin-like modifiers, Nedd8 is the closest relative of ubiquitin and is similarly conjugated to its substrates in a process known as neddylation. Analogous to ubiquitination, neddylation also involves the E1 activating enzyme, the E2 conjugating enzyme, and the E3 ligase (1) . Nedd8 is synthesized as a precursor that is further processed at the well conserved Gly-76 residue in the C terminus by the Nedd8 carboxyl-terminal hydrolase (1, 2) . The exposed C-terminal glycine in Nedd8 is adenylated by the Nedd8-activating enzyme E1 (NAE) composed of the NAE1 (APPBP1) and Uba3 heterodimer. Subsequently, the activated Nedd8 is transferred to the E2 Nedd8-conjugating enzyme Ubc12. Finally, an E3 Nedd8 ligase transfers Nedd8 to the lysine residues of Nedd8 substrates (1) . The conjugated Nedd8 can be hydrolyzed by deneddylation enzymes, and the most studied deneddylation enzyme is the COP9 signalosome, which is mainly involved in deneddylation of the Cullin subunit in the Cullin-RING ubiquitin ligase (CRL) 5 (3) .
Many putative Nedd8-associated proteins in humans have been identified through proteomic approaches (4 -7), but their candidacy as genuine Nedd8 substrates remains to be experimentally confirmed. Nevertheless, these studies all demonstrated that Cullins are the most abundant Nedd8 substrates. Other Nedd8 substrates include a number of oncogenic proteins, such as Von Hippel-Lindau (VHL) tumor suppressor, p53, MDM2, BCA3, EGF receptor, and some ribosomal proteins. Neddylation of these proteins regulates transactivation function and protein-protein interaction (p53 and BCA3), increases protein stability (MDM2 and ribosomal proteins), or stimulates ubiquitination (EGF receptor) (1, 8) . Intriguingly, some neddylated proteins are substrates or components of the Skp1-Cullin-F box protein (SCF) complex, suggesting an intimate relationship between neddylation and ubiquitination (8) .
Trypanosoma brucei, a parasitic protozoan causing human sleeping sickness, expresses a number of ubiquitin-like proteins, such as TbUrm1 (9) , TbSUMO (10), TbATG8 (11, 12) , and TbNedd8 (Tb927. 4.2540) . Nothing is known about the function of TbNedd8 in T. brucei or its conjugation system and substrates. Given the unusual biology of T. brucei, investigation of the cellular function of TbNedd8 and identification of its conjugated substrates may uncover novel regulatory pathways, which could provide hints about the evolution of the neddylation pathway.
In this report, we characterized the function of TbNedd8 and identified its conjugated and associated proteins by affinity purification and mass spectrometry. Our work showed that depletion of TbNedd8 caused DNA re-replication, disrupted the spindle, and impaired flagellum-cell body adhesion and identified 70 TbNedd8-conjugated and -associated proteins, including putative TbNedd8 conjugation system enzymes, Cullins, proteins of diverse cellular functions, and proteins of unknown function. This work lays the foundation for understanding the roles of protein neddylation in T. brucei.
Results

Requirement of the Sole Glycine Residue, Gly-77, for TbNedd8
Maturation-TbNedd8 exhibits a high sequence similarity to the Nedd8 homologs from diverse eukaryotes, but it contains only a single glycine residue, Gly-77, at the C terminus instead of the diglycine motif found in its counterparts from other nonkinetoplastid organisms (Fig. 1A ). Gly-77 in TbNedd8 aligns with Gly-76 in other Nedd8 homologs ( Fig. 1A ), suggesting that the TbNedd8 precursor may be processed at Gly-77 for maturation. To test this possibility, we mutated Gly-77 to alanine and ectopically expressed the G77A mutant and wild-type TbNedd8 in T. brucei. The G77A mutant and wild-type TbNedd8 were each tagged with a triple HA epitope at the N terminus and a triple Myc epitope at the C terminus. In cells expressing the wild-type TbNedd8, Western blotting with anti-HA antibody detected numerous TbNedd8-conjugated proteins and two free TbNedd8 bands, one with a molecular mass of ϳ20 kDa and the other with a molecular mass of ϳ10 kDa. As expected, in cells expressing the wild-type TbNedd8 (Fig. 1B ), Western blotting with anti-Myc antibody detected only the 20-kDa band (Fig. 1C) . These results indicate that the 20-kDa band is the precursor containing both the N-terminal 3HA and the C-terminal 3Myc epitopes and that the 10-kDa band is the mature form containing only the N-terminal 3HA tag. In cells expressing the G77A mutant, however, anti-HA immunoblotting detected the 20-kDa band and a faint 10-kDa band (Fig. 1C ), suggesting that G77A mutation impaired TbNedd8 processing and maturation.
TbNedd8 Localizes to the Nucleus, Flagellum, and Cytosol-To determine the subcellular localization of TbNedd8, we tagged TbNedd8 at the N terminus at one of its endogenous loci in T. brucei and then examined the cells under a fluorescence microscope. EYFP-tagged TbNedd8 appeared to spread throughout the cell and was enriched in the nucleus at all cell cycle stages ( Fig. 2A ). On detergent-extracted cytoskeletons, TbNedd8 was localized to the flagellum and the nucleus ( Fig.  2A ). Given that TbNedd8 was detected as both free and conjugated forms (Fig. 1B) , these results suggest that either free FIGURE 1. Requirement of the C-terminal glycine residue for TbNedd8 maturation and protein neddylation. A, Nedd8 sequences from the five eukaryotic supergroups, Excavata (T. brucei and Leishmania donovani), Archaeplastida (A. thaliana), Chromalveolata (Tetrahymena pyriformis), Amoebozoa (Entamoeba histolytica), and Opisthokonta (budding yeast and humans), were aligned. TbNedd8, T. brucei Nedd8 (Q584D3); LdNedd8, L. donovani Nedd8 (E9BQY7); HsNedd8, Homo sapiens Nedd8 (Q15843); ScNedd8, Saccharomyces cerevisiae Nedd8 (A6ZY99); AtNedd8, A. thaliana Nedd8 (O65381); EhNedd8-like, E. histolytica, nedd8-like (N9TFZ1); TpNedd8-like, T. pyriformis Nedd8-like (Q6LDR3). Note that only a single glycine residue (Gly-77, arrow) is present in TbNedd8 and LdNedd8, which was mutated to alanine to test its requirement for TbNedd8 maturation. B and C, requirement of Gly-77 for TbNedd8 maturation and substrate neddylation. Wild-type TbNedd8 and the TbNedd8-G77A mutant were each tagged with an N-terminal triple HA epitope and a C-terminal triple Myc epitope and ectopically expressed in T. brucei in a tetracycline-inducible manner. The crude cell lysate was immunoblotted (IB) with anti-HA mAb (B) and anti-Myc mAb (C), respectively. The asterisks indicate nonspecific bands detected by anti-HA antibody.
TbNedd8 or TbNedd8-conjugated proteins or both are present in the cytoplasm, the nucleus, and the flagellum.
RNAi of TbNedd8 Abolishes Global Protein Ubiquitination and Causes Mitotic Defects and DNA Re-replication-To investigate the function of TbNedd8, inducible RNAi was carried out in the procyclic form of T. brucei. Quantitative RT-PCR showed that, upon RNAi induction for 1 day, the TbNedd8 mRNA level was decreased ϳ80% (Fig. 2B ). To further assess the efficiency of TbNedd8 RNAi, TbNedd8 was tagged with a Myc epitope at the N terminus in TbNedd8 RNAi cells, and Western blotting with anti-Myc antibody showed that the level of Myc-TbNedd8 as well as the levels of Myc-TbNedd8-conjugated proteins were significantly decreased on day 1 of RNAi and depleted from day 2 of RNAi ( Fig. 2C ). This depletion of TbNedd8 resulted in a severe growth defect and eventual cell death after 4 days ( Fig. 2D ), suggesting that protein neddylation is essential for cell viability in T. brucei.
Given that the main function of Nedd8 is to regulate the Cullin subunit of the CRL-type ubiquitin ligase in diverse eukaryotes, including budding yeast, Arabidopsis thaliana, and humans (13), we examined whether depletion of TbNedd8 affected global protein ubiquitination. Western blotting with anti-ubiquitin antibody showed that the level of polyubiquitinated proteins was gradually decreased to ϳ50% of the control level after TbNedd8 RNAi induction for 3 days (Fig. 1E ), suggesting that TbNedd8 is required for protein ubiquitination in trypanosomes.
To determine whether the growth defect was attributed to any cell cycle defect, we carried out flow cytometry analysis, which showed that cells with 2C DNA content decreased from ϳ55% to ϳ16% and cells with 4C DNA content increased from ϳ25% to ϳ50% after TbNedd8 RNAi induction for 4 days (Fig.  3, A and B ), suggesting defective mitosis. Intriguingly, cells with the DNA content greater than 4C but less than 8C also increased from ϳ1% to ϳ25% after 4 days of RNAi ( Fig. 3 , A and B), implying that some mitotic cells may have undergone DNA re-replication. To test this possibility, we carried out a BrdU incorporation assay. Non-induced control cells and TbNedd8 RNAi-induced cells were incubated with BrdU for 2 h and then immunostained with anti-BrdU antibody. Within this short incubation time (about 1 ⁄ 7 of the doubling time of the 29-13 cell line), only cells that are undergoing DNA replication will incorporate BrdU and, therefore, can be detected by anti-BrdU immunostaining. In non-induced control cells, ϳ30% of the 1N1K (one nucleus and one kinetoplast) cells, but none of the 2N cells (2N2K), were BrdU-positive ( Fig. 3 , C and D). In TbNedd8 RNAi cells, ϳ32% of 1N1K cells and ϳ21% of 2N cells (2N2K and 2N1K) were BrdU-positive ( Fig. 3 , C and D). These results, together with the flow cytometry data (Fig. 3, A and B) , suggest DNA re-replication in mitotic and postmitotic cells upon TbNedd8 RNAi.
Depletion of TbNedd8 Impairs Spindle Assembly and Chromosome Segregation-To ascertain which mitotic stage was defective upon TbNedd8 RNAi, we stained the cells with DAPI and counted the number of cells with different numbers of nuclei and kinetoplasts. The results showed that TbNedd8 RNAi led to an increase in 1N2K cells from ϳ13% to ϳ37%, which was accompanied by a gradual decrease in 1N1K cells from ϳ79% to ϳ34% after 4 days ( Fig. 4A ), suggesting that chromosome segregation was defective. To investigate whether this defect in chromosome segregation was attributed to any defect in the spindle structure, we immunostained the cells with KMX-1, which labels ␤-tubulin in the spindle of mitotic trypanosome cells (14) . In non-induced control cells, ϳ22% of 1N2K cells contained a metaphase spindle ( Fig. 4 , B and C), whereas, in TbNedd8 RNAi cells, only ϳ3% of 1N2K cells contained a metaphase spindle ( Fig. 4 , B and C). These results suggest that TbNedd8 RNAi disrupted spindle assembly in 1N2K cells, leading to the increase of 1N2K cells (Fig. 4A ). In contrast, there was only a slight decrease in 2N2K cells containing the anaphase spindle after TbNedd8 RNAi (Fig. 4, B and C) , suggesting that TbNedd8 depletion did not affect the spindle structure in 2N2K cells, likely because the spindle has already formed in the 2N2K cells when RNAi was induced.
Deficiency in TbNedd8 Disrupts the Elongation of the FAZ Filament, Causing Flagellum Detachment-TbNedd8
RNAi also caused flagellum detachment, which was first observed after day 1 of RNAi but became prominent after RNAi induction for 3 days in 1N2K and 2N2K cells, with ϳ35% of the former and ϳ29% of the latter possessing a detached flagellum ( Fig. 5A ). Flagellum detachment in 1N1K and 2N1K cells was also observed but was much less prominent ( Fig. 5A ). In most cases, the detached flagellum formed a loop, with the anterior tip of the flagellum tethered to the old flagellum ( Fig. 5B,  1N2K) . In some other cases, the flagellum was fully detached ( Fig. 5B, 2N2K ). Because the flagellum is attached to the cell body via a specialized cytoskeletal structure known as the FAZ filament (15) , and defects in the FAZ filament cause flagellum detachment (16) , we investigated the integrity of the FAZ filament in TbNedd8 RNAi cells by immunostaining the cells with L3B2, which detects the FAZ1 protein in the FAZ filament (17) . Unlike the control 1N2K and 2N2K cells that all contained two FAZ filaments, the TbNedd8-deficient 1N2K and 2N2K cells contained a full-length, old FAZ filament associated with the attached, old flagellum and a short new FAZ (snFAZ) filament located at the proximal base of the detached, new flagellum ( Identification of TbNedd8-conjugated and -associated Proteins by Affinity Purification and Mass Spectrometry-We attempted to identify TbNedd8-conjugated and -associated proteins by proteomic analysis of TbNedd8 co-precipitates. To this end, we first carried out tandem affinity purification using procyclic cells expressing an endogenously PTP-tagged TbNedd8. After two-step purification through the IgG column, tobacco etch virus protease cleavage, and then the protein C column, the final eluate was separated by SDS-PAGE and stained with Coomassie Blue (Fig. 6A ). Several protein bands were detected ( Fig. 6A, arrows) , which were excised from the gel and analyzed by LC-MS/MS. This analysis allowed the identification of 16 proteins, including three Cullins, putative neddylation system enzymes, and a few hypothetical proteins (supplemental Table S1 , highlighted in yellow and green). Given that the T. brucei genome encodes at least six Cullin-like proteins and only three of them were identified by tandem affinity purification, it suggests that this method was inefficient to identify TbNedd8-conjugated and -associated proteins.
We next carried out immunoprecipitation with HA-tagged TbNedd8. To this end, TbNedd8 was tagged with a triple HA epitope at the N terminus, and immunoprecipitation was performed with anti-HA-agarose beads. The immunoprecipitates from the control cells and 3HA-TbNedd8-expressing cells were separated on SDS-PAGE and stained with Coomassie Blue (Fig.  6B ). Gel slices from both the control and 3HA-TbNedd8 immunoprecipitates were then digested with trypsin and analyzed by LC-MS/MS. Three independent immunoprecipitations and mass spectrometry analyses were performed, and only proteins that were detected in all three repeats and not in the control immunoprecipitation were considered putative TbNedd8-conjugated and -associated proteins.
Together, these proteomic approaches identified a total of 70 putative TbNedd8-conjugated and -associated proteins ( Fig.  6C and supplemental Table S1 ). The affinity purification appeared to be very efficient, as it identified six Cullin homologs, which are the best known Nedd8 substrates in humans, and the enzymes involved in neddylation (TbUba3, TbAPPBP1, and TbUbc12), suggesting conservation of the neddylation pathway in T. brucei and humans. Additionally, three proteins, DNA damage binding protein 1 or DDB1, translation elongation factor ␣1, and a chaperone protein, DnaJ, which have been reported previously to co-precipitate with human Nedd8 (4), were also co-precipitated with TbNedd8. It should be noted that DDB1 has been identified previously as a component of the CUL4-containing CRL ubiquitin ligase complex, which is involved in the degradation of Cdt1 in animals (13) and was co-purified with Nedd8 in humans (4) . Therefore, the DDB1 homolog in T. brucei is probably not a substrate of TbNedd8 but a component of the CUL4-containing complex and, therefore, was co-precipitated with TbNedd8-conjugated TbCUL4.
Subunits of the 19S proteasome regulatory complex were also co-precipitated with TbNedd8 ( Fig. 6C and supplemental Table S1 ). It is likely that the 19S proteasome subunits make transient physical contact with the CRL-type ubiquitin ligase, which ubiquitinates substrate proteins for degradation by the proteasome. The rest of the TbNedd8 co-precipitated proteins are either involved in diverse cellular processes, including protein translation, folding, and trafficking, DNA replication and repair, and heat shock response, etc., or are hypothetical proteins of unknown function ( Fig. 6C and supplemental Table S1 ).
Sec13 and Sec23, two essential subunits of the coat protein complex II, were also co-precipitated with TbNedd8, suggesting that they may be neddylated. Alternatively, they could be co-precipitated with a CRL ubiquitin ligase complex because the human CRL complex CUL3-KLHL12 was found to interact with the coat protein complex II (18) .
The Six Cullin-like Proteins, TbCUL1-TbCUL6, Are Bona Fide Substrates of TbNedd8 -Cullins are known substrates of Nedd8 in yeast and humans and are conjugated by Nedd8 at a conserved lysine residue at the C terminus (4 -7). Our affinity purification and mass spectrometry analysis of TbNedd8-conjugated and -associated proteins identified six Cullin-like proteins, named TbCUL1-TbCUL6, that all contain the conserved Nedd8-conjugating lysine residue at the C terminus ( Fig. 7A ), suggesting that these Cullins are likely to be conjugated by TbNedd8. To validate the candidacy of the six Cullins as TbNedd8 substrates, they were each tagged with a triple HA epitope at the N terminus and ectopically expressed in T. brucei. The 3HA-tagged Cullins were then immunoprecipitated with anti-HA antibody and detected by Western blotting with anti-HA antibody and anti-TbNedd8 antibody. The results showed that anti-HA Western blotting detected at least two bands for all six Cullins, with the slowest migrating band labeled by the anti-TbNedd8 antibody (Fig. 7B, arrowheads) , indicating that the slowest migrating band is the neddylated form of these Cullins.
The neddylated substrates that have been digested with trypsin are characterized by the remnant of two glycine residues (GG) attached to an internal lysine residue of the substrate, which can be determined by MS/MS, similar to that for identifying the ubiquitin-conjugated residues (19) . Given that TbNedd8 contains a sole glycine residue immediately following 
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an alanine residue ( Fig. 1A) , we searched for the Cullin peptide(s) that contain(s) the AG-modified lysine residue and identified such a peptide for TbCUL1, TbCUL2, and TbCUL6 (Fig.  7C) . The TbNedd8-conjugated lysine residue in these three Cullins appeared to be well conserved in all six T. brucei Cullins and aligned well with the neddylation sequence of the human CUL1 ( Fig. 7A ), suggesting that Nedd8-conjugation of Cullins is evolutionarily conserved from the early-branching T. brucei to humans.
Identification of Putative TbNedd8 Conjugation Enzymes-The maturation of Nedd8 and subsequent conjugation of mature Nedd8 to its substrates involve four enzymes, the Nedd8 carboxyl-terminal hydrolase, the Nedd8-activating E1 enzyme complex composed of Uba3 and APPBP1, the Nedd8 conjugating E2 enzyme Ubc12, and the Nedd8 E3 ligase ( Fig.  8A) (8) . The trypanosome genome encodes 16 putative ubiquitin C-terminal hydrolases, 9 putative E1 ubiquitin-activating enzymes, 21 putative E2 ubiquitin-conjugating enzymes, 11 HECT-containing ubiquitin ligases, and 69 RING finger-and U box-containing proteins that are putative E3 ligases, but it is unclear which enzyme is involved in neddylation. To examine whether TbNedd8 conjugation system enzymes were precipitated by TbNedd8 affinity purification, we searched the list of TbNedd8-conjugated and -associated proteins (supplemental Table S1 ) for putative conjugation enzymes and identified two subunits of ubiquitin-activating enzyme (Tb927.9.4620 and Tb927.2.4020) that are homologous to Uba3 (supplemental Fig.  S1 ) and APPBP1 (supplemental Fig. S2) , respectively, and an ubiquitin-conjugating enzyme (Tb927.8.6510) that is homologous to Ubc12 (supplemental Fig. S3 ). We named them TbUba3, TbAPPBP1, and TbUbc12, respectively (Fig. 8B) .
We next investigated the subcellular localization of TbUba3, TbAPPBP1, and TbUbc12 by C-terminal EYFP tagging in their respective endogenous loci. Expression of EYFP-tagged proteins was confirmed by Western blotting (Fig. 8C) . In intact cells, TbAPPBP1 and TbUba3 appeared to spread throughout the cell body but were less abundant in the nucleus (Fig. 8D) . In contrast, TbUbc12 was highly enriched in the nucleus but less abundant in the cytosol (Fig. 8D) , which resembles the localization of TbNedd8 ( Fig. 2A) . On detergent-extracted cytoskeletons, EYFP-tagged TbAPPBP1 and TbUba3 were not detectable (Fig. 8E) , indicating that the two E1 components do not associate with the cytoskeleton. In contrast, EYFP-tagged TbUbc12 was detected in the flagellum and the nucleus (Fig.  8E) , similar to the localization of EYFP-tagged TbNedd8, which further confirms that protein neddylation occurs in the flagellum.
Discussion
In this work, we report the functional characterization of the Nedd8 homolog in T. brucei and demonstrate the involvement of TbNedd8 in DNA replication, spindle assembly, and FAZ filament assembly ( Figs. 3-5 ). Among these, the requirement of Nedd8 for preventing DNA re-replication has been well understood in other systems (20, 21) . In animals, degradation of the DNA licensing factor Cdt1, which is mediated by the CRL-type ubiquitin ligase complexes SCF-Skp2 and CUL4-DDB1, prevents DNA re-replication (22, 23) . Because neddylation activates Cullin in the SCF complex, inhibition of Cullin neddylation results in stabilization of Cdt1 and, hence, promotes DNA re-replication (20) . In T. brucei, however, the Cdt1 homolog has not been identified, and the mechanisms underlying DNA replication licensing remain largely elusive (24) . It is possible that T. brucei expresses either a highly divergent Cdt1 ortholog that has escaped a homology-based search or a trypanosomespecific functional, but not structural, homolog of Cdt1, as are the cases of the chromosomal passenger complex (25) and the origin recognition complex (26, 27) , both of which are composed of some trypanosome-specific proteins.
The finding that TbNedd8 RNAi caused defective spindle assembly and chromosome segregation (Fig. 4) is unexpected because similar defects have not been reported in any other organisms. Although the underlying mechanisms remain elusive, this interesting observation prompted us to postulate that TbNedd8 or neddylation of a regulator of spindle assembly is required for spindle formation. Alternatively, the result may suggest the involvement of CRL-type ubiquitin ligase activity in spindle assembly. Indeed, components of the CRL-type ubiquitin ligase complex have been detected previously in centrosomes in animal and human cells and are required for centrosome duplication (28 -30) . Unlike animals, however, trypanosomes undergo a closed mitosis and do not possess centrosomes. Therefore, assembly of the mitotic spindle is probably achieved through mechanisms distinct from that in animals. On the other hand, although it is well accepted that Nedd8 plays essential roles in cell cycle control in fungi and animals, the primary function of Nedd8 is to promote S phase entry by activating the CRL-type ubiquitin ligase for degradation of the S phase CDK inhibitor Sic1p in yeast and p27 kip1 in animals (31, 32) . Strikingly, trypanosomes appear to lack S phase CDK and cyclin (24) , and the currently available experimental evidence suggests that an S phase CDK inhibitor is probably not present in trypanosomes because inhibition of proteasome activity does not compromise G 1 /S transition but, instead, arrests cells at the G 2 /M boundary, likely because of the incapability of degrading the anaphase inhibitor securin ortholog (33, 34) .
Another intriguing phenotype caused by TbNedd8 RNAi is defective FAZ filament assembly and flagellum detachment ( Fig. 5 ). Assembly of the FAZ filament is known to require many FAZ filament proteins, including FAZ1 (17), FAZ2 (35), CC2D (16), FLA1 (36), FLA3 (37), and KMP-11 (35) and the flagellar protein FLAM3, which appears to constitute a component of the flagellum-FAZ connector linking the flagellum to the FAZ filament (38) . The defective flagellum adhesion caused by TbNedd8 RNAi (Fig. 5 ) and the localization of TbNedd8 and TbUbc12 to the flagellum ( Figs. 2A and 8E) suggest an involvement of the neddylation pathway in maintaining flagellum-cell body adhesion, likely by regulating certain flagellar protein(s) that is/are required for flagellum attachment. Indeed, two flagellar proteins were co-precipitated with TbNedd8 ( Fig. 6C and supplemental Table S1 ), which may be TbNedd8 substrates or may associate with TbNedd8 or with neddylated proteins.
The subcellular localizations of TbNedd8 are correlated with its functions. The enrichment of TbNedd8 in the nucleus ( Fig.  2A) suggests its involvement in certain nuclear events, such as DNA replication and mitosis, which was further corroborated by RNAi studies (Figs. 3 and 4 ). Localization of TbNedd8 to the flagellum ( Fig. 2A) indicates its role in flagellum-related function(s), and, indeed, RNAi of TbNedd8 caused flagellum detachment (Fig. 5 ). Because TbNedd8 was detected as free molecule and protein conjugates ( Figs. 1B and 5) , the observed subcellular distribution of TbNedd8 may represent the localization of TbNedd8-conjugated protein(s) or the localization of both free TbNedd8 and TbNedd8-conjugated protein(s). For example, TbUbc12 and TbNedd8 display almost identical subcellular localization patterns ( Figs. 2A and 8E) . Therefore, we cannot rule out the possibility that the EYFP-TbNedd8 fluorescence signal detected in the flagellum and the nucleus may represent the fluorescent signal of TbNedd8-conjugated TbUbc12. Additionally, because several flagellum-associated proteins precipitated by TbNedd8 affinity purification are potentially conjugated with TbNedd8, the EYFP-TbNedd8 fluorescence signal in the flagellum may be attributed to the localization of the TbNedd8-conjugated flagellar protein(s). Nevertheless, no matter what form(s) of TbNedd8 localize(s) to the flagellum, these results provide another line of evidence to support the involvement of protein neddylation in flagellum-cell body adhesion. 
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A total of 70 putative TbNedd8-conjugated and -associated proteins were identified, among which are neddylation enzymes, proteasome components, the cullin subunits of the E3 ubiquitin ligase complexes, and many proteins of diverse cellular functions and of unknown function ( Fig. 6C and supplemental Table S1 ). The functional groups of the TbNedd8-conjugated and -associated proteins matched very well with that of the human Nedd8-conjugated and -associated proteins identified by GST affinity purification (4), suggesting that Nedd8 may regulate similar cellular processes in T. brucei and humans. However, the individual proteins in these functional groups appear to differ between T. brucei and humans, indicating that Nedd8 may regulate distinct proteins of the same functional group in the two organisms.
Cullins are the best characterized Nedd8 substrates (39 -41) , and although a few non-Cullin proteins were also conjugated by Nedd8 (8) , Cullins are likely the primary targets of Nedd8. In fungi and humans, Cullins are neddylated on a conserved lysine residue at the C terminus (4, 39, 40, 42, 43) . Our results showed that six Cullin homologs in T. brucei, TbCUL1-TbCUL6, are also modified by TbNedd8, and we further identified the TbNedd8-modified lysine residue in three cullins, TbCUL1, TbCUL2, and TbCUL6 (Fig. 7) . The other three cullins, TbCUL3, TbCUL4, and TbCUL5, also contain the conserved lysine residue at the C terminus ( Fig. 7A ). Although our mass spectrometry failed to detect the TbNedd8-conjugated peptide of these three Cullins, Western blotting with anti-TbNedd8 antibody confirmed that they are indeed neddylated (Fig. 7B) . The failure to identify the TbNedd8-conjugated peptide for these Cullins could be due to the relatively low abundance of them in the total immunoprecipitates used for mass spectrometry.
Materials and Methods
Purification of Recombinant TbNedd8 and Antibody
Production-The full-length coding sequence of TbNedd8 was cloned into pET22b (Novagen), and the resulting construct was transformed into the Escherichia coli BL21 strain. Recombinant TbNedd8-His 6 was purified using His-nickel matrix (GE Healthcare), dialyzed to PBS, and used to immunize rabbits for polyclonal antibody production. Crude antisera from two rabbits were collected and used for Western blotting.
Trypanosome Cell Culture and RNAi-The procyclic 29-13 cell line (44) , which was derived from the procyclic Lister 427 strain, was cultivated at 27°C in SDM-79 medium containing 10% fetal bovine serum (Atlanta Biologicals, Inc.), 15 g/ml G418, and 50 g/ml hygromycin. The procyclic Lister 427 strain was cultured at 27°C in SDM-79 medium supplemented with 10% fetal bovine serum.
RNAi of TbNedd8 was carried out using the stem-loop RNAi vector pSL (45) . The full-length coding sequence of TbNedd8 was cloned into the HindIII/XhoI sites of the pSL vector, and the same DNA fragment was cloned into the AflII/BamHI sites in an opposite direction in the pSL vector. The resulting plasmid (pSL-TbNedd8) was linearized by NotI digestion and electroporated into the 29-13 cell line. Transfectants were selected with 2.5 g/ml phleomycin and cloned by limiting dilution in a 96-well plate.
In Situ Epitope Tagging of Endogenous Proteins-The fulllength coding sequence of TbNedd8 was cloned into the pN-EYFP-PAC and pN-PTP-PAC vector, and the resulting constructs were electroporated into the 427 cell line. TbNedd8 was also cloned into the pN-3Myc-PAC vector, and the resulting construct was transfected into the pSL-TbNedd8 RNAi cell line according to our published procedures (26, 46) . Stable transfectants were selected under 1 g/ml puromycin and cloned by limiting dilution in 96-well plates. Correct in situ tagging of one of the two TbNedd8 alleles was confirmed by PCR and subsequent sequencing of the PCR fragment as well as by Western blotting with anti-GFP antibody (JL-8 clone, Clontech) to detect EYFP-TbNedd8, anti-protein C antibody (Roche) to detect PTP-TbNedd8, or anti-Myc mAb (Sigma-Aldrich) to detect 3Myc-TbNedd8.
Endogenous tagging of TbAPPBP1, TbUba3, and TbUbc12 with a C-terminal EYFP was performed using the one-step PCR-based method described in a previous publication (47) . Correct in situ tagging of TbAPPBP1, TbUba3, and TbUbc12 was confirmed by PCR and subsequent sequencing of the PCR fragment and by Western blotting with anti-GFP antibody (JL-8 clone, Clontech).
Ectopic Expression of Wild-type and Mutant TbNedd8 and Wild-type Cullins-The full-length coding sequence of TbNedd8 was fused with the sequences encoding a triple HA epitope and a triple Myc epitope and cloned into the pLew100 vector for expressing TbNedd8 with an N-terminal triple HA epitope and a C-terminal triple Myc epitope in T. brucei. Mutation of Gly-77 to alanine was performed by site-directed mutagenesis using the QuikChange site-directed mutagenesis kit (Invitrogen). The full-length coding sequences of TbCUL1 to TbCUL6 were each cloned into the NЈ-3HA-pLew100 vector. The resulting constructs were transfected into the 29-13 cell line. Transfectants were selected under 2.5 g/ml phleomycin and cloned by limiting dilution in a 96-well plate. Cells were induced with 1 g/ml tetracycline to induce the expression of TbNedd8 and Cullins.
Flow Cytometry-Flow cytometry analysis of propidium iodide-stained trypanosome cells was carried out as described previously (48) . Ethanol-fixed T. brucei cells were resuspended in PBS containing 10 g/ml DNase-free RNase and 20 g/ml propidium iodide and analyzed with a FACScan analytical flow cytometer (BD Biosciences). The percentage of cells at different cell cycle stages was determined by ModFit LT 3.1 software (BD Bioscience).
BrdU Incorporation and Detection-Non-induced control and TbNedd8 RNAi-induced cells (day 3) were incubated with 20 mM BrdU for 2 h and fixed with paraformaldehyde. Immunostaining with anti-BrdU antibody (Sigma-Aldrich, 1:40 dilution) was performed according to procedures described previously (49) .
Affinity Purification of TbNedd8-conjugated and -associated Proteins-Tandem affinity purification was carried out according to our previous procedures (25, 50) . Briefly, 500 ml (ϳ2 ϫ 10 9 ) of cells expressing PTP-TbNedd8 from one of its endogenous loci was lysed by sonication, and the crude lysate was incubated with 200 l of IgG-Sepharose 6 fast flow beads (Invitrogen) at 4°C for 2 h. After overnight incubation with 200 units of tobacco etch virus protease (Promega), the eluate was incubated with 200 l of anti-protein C beads at 4°C for 2 h. Proteins were then eluted with EGTA/EDTA elution buffer. Proteins were further precipitated with 10 l of StrataClean resin (Stratagene), separated on SDS-PAGE, and stained with silver solution (Pierce). Gel slices were excised from the gel and analyzed by LC-MS/MS for protein identification. As a control for non-specifically bound proteins, a parallel purification was performed using the wild-type 427 cell line.
Affinity purification with the anti-HA matrix was performed according to the instructions of the manufacturer (Pierce). Briefly, 1 liter (ϳ1 ϫ 10 10 ) of cells expressing 3HA-TbNedd8 from one of its endogenous loci or control cells was harvested and lysed by sonication. Crude cell lysate was centrifuged at 10,000 ϫ g for 10 min at 4°C, and the supernatant was incubated with 100 l of anti-HA matrix (Pierce) at 4°C for 2 h. The anti-HA matrix was then washed three times with 0.1% Triton X-100 in PBS. Proteins were eluted with 500 l of 0.1 M glycine (pH 2.5) three times and then concentrated to a volume of 40 l. Eluted proteins were separated by SDS-PAGE, stained with Coomassie Brilliant Blue, and excised from the gel for LC-MS/MS analysis.
In-gel Trypsin Digestion, LC-MS/MS, and Data Analysis-In-gel digestion of proteins was carried out according to our published procedures (50) . Peptides extracted from gel slices were injected onto a Thermo LTQ Orbitrap XL and analyzed on a LTQ Orbitrap XL (Thermo Fisher Scientific, Bremen, Germany) interfaced with an Eksigent nano-LC 2D plus ChipLC system (Eksigent Technologies, Dublin, CA) at the Proteomics Core Facility of the University of Texas Health Science Center at Houston. Raw data files were searched using the Mascot search engine against the T. brucei database version 4, and the search conditions were set as follows: peptide tolerance of 10 ppm and MS/MS tolerance of 0.8 Da with the enzyme trypsin and two missed cleavages.
Immunofluorescence Microscopy-Cells were adhered to coverslips and then fixed in cold (Ϫ20°C) methanol. The following antibodies were used: L3B2 (anti-FAZ1) mAb for the FAZ filament (1:50 dilution) (51) and KMX-1 mAb (Millipore) for the spindle (1:400 dilution). Cells were incubated with the primary antibody at room temperature for 1 h and washed three times with PBS containing 0.1% Triton X-100. Cells were then incubated with FITC-conjugated anti-mouse IgG (Sigma-Aldrich) at room temperature for 1 h. Slides were mounted in VectaShield mounting medium (Vector Labs) containing DAPI and examined using an inverted microscope (model IX71, Olympus) equipped with a cooled charge-coupled device cam-
